We performed a series of inelastic frame analyses for single, double, and triple reinforced concrete box tunnels to investigate their unique damage mechanisms. We focused our interest on the influence of the aspect ratio of box tunnels and the occurrence of a shear structural failure. This is a follow-up study of Lee et al. (2016) , where damage analyses of box tunnels with an aspect ratio of unity were performed by considering only the flexural failure. We show that only flexural failures occurred in single box tunnels, whereas shear structural failures were produced at the inner column for double and triple box tunnels. The inner column failed in shear after flexural plastic hinges were formed at all four outer corners, and might cause a brittle collapse. A structural collapse was not observed in single box tunnels. An increase in the aspect ratio was demonstrated to cause associated increment in the seismic resistance. The moment and shear strains at which plastic hinges formed an increase by up to 5% and 20%, respectively. We proposed revised damage indices (DIs) corresponding to three damage states for single box tunnels, where DI is defined as the ratio of the elastic moment to the yield moment. The collapse damage state and corresponding DI for double and triple tunnels are newly presented.
Introduction
Recent large earthquakes have revealed that underground structures can experience a severe damage when subjected to a strong ground motion [1, 2] . A number of studies investigated the damage pattern of tunnel structures in past earthquake events [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] . Such observations highlight the need to better understand the seismic performance and structural damage pattern of underground structures.
Seismic damage analyses of box tunnels can be performed by using experimental or/and numerical methods. Zou et al. [12] conducted a series of numerical simulations and a verified shaking table test to investigate the seismic response and damage of a multi-story subway station. Then, they defined four damage states based on the damage parameter, which depends on the ductility of structural members. Chen et al. [13] studied the effect of pulse-like ground motions on seismic responses of a multi-story subway station using shaking table test. Based on experimental results, they pointed out that the center columns were sensitive structural members, which can be suffered a significant vulnerability under earthquake excitations. Chen et al. [14] investigated the effects of axial compression ratio of interior columns on failure modes and damage patterns of a multi-story underground structure using a series of numerical pushover analyses. Recently, some studies employed numerical approach to analyze the seismic failure and collapse mechanism of Daikai subway station [15] [16] [17] [18] [19] [20] . They both gave a mutual conclusion that the structure was completely collapsed due to an extreme failure and loosing load capacity of the center column. Furthermore, an extensive summary of previous studies on the seismic
Description of Tunnels and Site Conditions
We used three types of rectangular cut-and-cover reinforced concrete box tunnels with various aspect ratios, as shown in Figure 1 . They were single, double, and triple box tunnels designed and constructed for subway systems in South Korea. The baseline tunnel sections were developed based on 91 structural sections of subway tunnels in Korea. The height (H) was 6.0 m for all box tunnels, whereas the center-to-center width (B) varied from 6.0 m to 12.0 m. The aspect ratio (B/H) ranged from 1.0 to 2.0 for single and double box tunnels. For triple box tunnels, B/H = 2.0 was not modeled because such a section was not shown to be used. Instead, two baseline configurations were modeled where B/H of the left unit and the center unit was 1.5, termed B/H = 1.5 L and B/H = 1.5 C, respectively. The thickness of sidewalls, top slab and bottom slab was set to 1.0 m. The cross-sectional dimensions of the inner column of double and triple tunnels were 0.4 × 1.0 m, with a spacing of 1.0 m. The reinforcement ratio of structural members, determined based on the actual structural design, increased compatibly with an increment of the aspect ratios. The soil profile was assumed to be uniform and the depth of overburden was set to 7.0 m. The at-rest earth pressure coefficient (K 0 ) was set to 0.5. 
Numerical Modeling
The pseudo-static procedure presented in Lee et al. [21] was adopted to perform nonlinear analyses of the tunnel structures using two-dimensional (2D) frame elements. The tunnel structures were modeled using SAP2000 (ver. 15), a finite element analysis program [38] . We also modeled the joint-offset of the wall-slab and column-slab connections to simulate their relatively rigid behaviors. Details on the nonlinear concrete and steel models for the tunnels are presented in the study by Lee et al. [21] . Plastic flexural and hinge models were used for all frame elements. The performance of the plastic hinge was dictated by the moment-curvature and shear force-shear deformation relationships that were determined from a nonlinear section analysis. For the shear strength-shear deformation relation of a section, we adopted the definitions and guidelines of ACI-318 [39] , FEMA-356 [40] and Park and Paulay [41] to determine the yield strength (Vy), ultimate strength (Vu), and the corresponding yield deformation (Δy) and ultimate deformation (Δu). The idealized shear model is illustrated in Figure 2 . A series of normal and shear springs were attached to the nodes of the nonlinear frame elements to simulate soil-structure interaction, as defined according to the Seismic design code for metropolitan subway of Korea [42] . The horizontal and vertical normal spring constants, KH and KV, were defined as:
where = ( ) , h and b are the height and width of the tunnel, and ED is the elastic modulus of surrounding soil. The shear springs for vertical and horizontal, KSS and KSB, frames were defined as: 
The pseudo-static procedure presented in Lee et al. [21] was adopted to perform nonlinear analyses of the tunnel structures using two-dimensional (2D) frame elements. The tunnel structures were modeled using SAP2000 (ver. 15), a finite element analysis program [38] . We also modeled the joint-offset of the wall-slab and column-slab connections to simulate their relatively rigid behaviors. Details on the nonlinear concrete and steel models for the tunnels are presented in the study by Lee et al. [21] . Plastic flexural and hinge models were used for all frame elements. The performance of the plastic hinge was dictated by the moment-curvature and shear force-shear deformation relationships that were determined from a nonlinear section analysis. For the shear strength-shear deformation relation of a section, we adopted the definitions and guidelines of ACI-318 [39] , FEMA-356 [40] and Park and Paulay [41] to determine the yield strength (V y ), ultimate strength (V u ), and the corresponding yield deformation (∆ y ) and ultimate deformation (∆ u ). The idealized shear model is illustrated in Figure 2 . A series of normal and shear springs were attached to the nodes of the nonlinear frame elements to simulate soil-structure interaction, as defined according to the Seismic design code for metropolitan subway of Korea [42] . The horizontal and vertical normal spring constants, K H and K V , were defined as:
where k h0 = 1 30 E D , h and b are the height and width of the tunnel, and E D is the elastic modulus of surrounding soil. The shear springs for vertical and horizontal, K SS and K SB , frames were defined as: Since the frame-spring model is an approximation of the continuum domain, there is a need to verify whether the simplified model realistically simulates the tunnel-soil interaction. The calculated values of the racking ratio (R) of box tunnels were compared with the finite difference analysis computations [43] , a closed form solution [44] , and finite element simulations [26] in Figure 4 . R is defined as follows:
where ΔBox is the relative displacement of top and bottom of the tunnel frame, and ΔFree-field is the relative displacement of soil profile at the top and bottom level of the tunnel. The calculated R is plotted against the flexibility ratio (F) of a rectangular tunnel, which is defined as [26] :
where B and H are the width and height of the tunnel, Gm is the shear modulus of the surrounding soil, KS is the racking stiffness of tunnel, and KS = P/Δ, in which Δ is the lateral displacement due to the applied lateral force P at the roof of the tunnel. Since the frame-spring model is an approximation of the continuum domain, there is a need to verify whether the simplified model realistically simulates the tunnel-soil interaction. The calculated values of the racking ratio (R) of box tunnels were compared with the finite difference analysis computations [43] , a closed form solution [44] , and finite element simulations [26] in Figure 4 . R is defined as follows:
Shear deformation (Δ)
where ∆ Box is the relative displacement of top and bottom of the tunnel frame, and ∆ Free-field is the relative displacement of soil profile at the top and bottom level of the tunnel. The calculated R is plotted against the flexibility ratio (F) of a rectangular tunnel, which is defined as [26] :
where B and H are the width and height of the tunnel, G m is the shear modulus of the surrounding soil, K S is the racking stiffness of tunnel, and K S = P/ ∆, in which ∆ is the lateral displacement due to the applied lateral force P at the roof of the tunnel. The curve of Anderson [43] , defined as = 2 (1 ), is based on pseudo-static analyses using four types of single box tunnels and five different burial depths. The Penzien [44] curve,
, is derived from an analytical procedure. The curve of Wang [26] is derived from 25 dynamic finite element simulations using various rectangular tunnel sections, soil profiles, and input ground motions. The results of the frame analyses were consistent with the published curves, thus demonstrating that the frame analysis results were reliable.
Results and Discussion

Failure Mechanism of Tunnels with B/H = 1.0
In this section, we investigated the failure mechanisms of box tunnels due to flexure and shear yielding. For single box tunnels, a shear plastic hinge was shown not to develop, even after flexural plastic hinges were formed at all four corners. It was primarily due to the support from the surrounding soil medium. For double and triple box tunnels, both flexural and shear plastic hinges were observed. Figure 5 depicts the plastic hinge formation sequences of double box tunnels with Vs = 50 m/s and Vs = 400 m/s for soil. The dots in pink indicate locations of flexural plastic hinges and orange dots represent shear failure (loss of the shear capacity). It can be observed that shear plastic hinges started occurring in the double box tunnels at approximately 3% free-field shear strain with respect to Vs = 50 m/s (i.e., soft soil) and at about 0.7% shear strain with Vs = 400 m/s (i.e., stiff soil). It should be noted that the shear plastic hinges only form in the interior column after flexural plastic hinges form at all four corners of the outer frame. Moreover, the shear plastic hinges form throughout the interior column element almost simultaneously. Since the concrete member loses its axial load bearing capacity when it is severely damaged in shear, a structural collapse of the box tunnel was shown to occur. This collapse mechanism of reinforced concrete box structure is in line with those observed in previous studies [45] [46] [47] [48] . The curve of Anderson [43] , defined as R = 2F(1 + F), is based on pseudo-static analyses using four types of single box tunnels and five different burial depths. The Penzien [44] 
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Failure Mechanism of Tunnels with B/H = 1.0
In this section, we investigated the failure mechanisms of box tunnels due to flexure and shear yielding. For single box tunnels, a shear plastic hinge was shown not to develop, even after flexural plastic hinges were formed at all four corners. It was primarily due to the support from the surrounding soil medium. For double and triple box tunnels, both flexural and shear plastic hinges were observed. Figure 5 depicts the plastic hinge formation sequences of double box tunnels with V s = 50 m/s and V s = 400 m/s for soil. The dots in pink indicate locations of flexural plastic hinges and orange dots represent shear failure (loss of the shear capacity). It can be observed that shear plastic hinges started occurring in the double box tunnels at approximately 3% free-field shear strain with respect to V s = 50 m/s (i.e., soft soil) and at about 0.7% shear strain with V s = 400 m/s (i.e., stiff soil). It should be noted that the shear plastic hinges only form in the interior column after flexural plastic hinges form at all four corners of the outer frame. Moreover, the shear plastic hinges form throughout the interior column element almost simultaneously. Since the concrete member loses its axial load bearing capacity when it is severely damaged in shear, a structural collapse of the box tunnel was shown to occur. This collapse mechanism of reinforced concrete box structure is in line with those observed in previous studies [45] [46] [47] [48] . Figure 6 shows the formation and development of plastic hinges for triple box tunnels with V s = 50 m/s and V s = 400 m/s for soil. Again, it was observed that the shear plastic hinges in the interior columns form after flexural plastic hinges form at all four corners of the outer frame. The shear failure occurred in the inner column of the triple box tunnel at about 4% free-field shear strain for V s = 50 m/s and 0.75% for V s = 400 m/s. Even after the shear plastic hinges formed in the interior columns, however, a complete collapse state was not observed for the triple box tunnel. This might be due to the presence of two interior columns, which enhance the load bearing capacity and structural redundancy. The internal forces were redistributed right after the occurrence of interior columns yield in shear. As the lateral load increased, flexural plastic hinges at the corners continued to spread, while shear hinges at the interior columns maintained their shear strengths. It is disparate to what is observed in the double box tunnel. It was also reported in [49] that an increase in the number of interior columns (number of bays) can produce additional structural redundancy of the reinforced concrete frame structures. Figure 6 shows the formation and development of plastic hinges for triple box tunnels with Vs = 50 m/s and Vs = 400 m/s for soil. Again, it was observed that the shear plastic hinges in the interior columns form after flexural plastic hinges form at all four corners of the outer frame. The shear failure occurred in the inner column of the triple box tunnel at about 4% free-field shear strain for Vs = 50 m/s and 0.75% for Vs = 400 m/s. Even after the shear plastic hinges formed in the interior columns, however, a complete collapse state was not observed for the triple box tunnel. This might be due to the presence of two interior columns, which enhance the load bearing capacity and structural redundancy. The internal forces were redistributed right after the occurrence of interior columns yield in shear. As the lateral load increased, flexural plastic hinges at the corners continued to spread, while shear hinges at the interior columns maintained their shear strengths. It is disparate to what is observed in the double box tunnel. It was also reported in [49] that an increase in the number of interior columns (number of bays) can produce additional structural redundancy of the reinforced concrete frame structures. 
Effect of B/H on Damage of Box Tunnels
The capacity curves of all box tunnels are displayed in Figure 7 . The base force was shown to increase with an increase in the soil stiffness. Stiffer soil induced a smaller free field shear strain and yielded a larger base force. Figure 7 also reveals that the capacity of the tunnel was proportional to B/H. It was due to a higher lateral capacity produced by the shear springs at the slabs of the tunnel frame. Additionally, the capacity of the structural members was larger because the longitudinal reinforcement ratio of the tunnel lining compatibly increases with B/H.
Updated Damage States and DIs of Box Tunnels
In this section, the effects of shear failure of the interior column and aspect ratio B/H on the damage index (DI) and free-field shear strain are presented. We used the definitions of Lee et al. [21] for both the damage states and DIs but additionally account for the effect of B/H and shear failure. It is noted that DI is expressed as the ratio of the bending moment demand to the yield moment at the critical sections of tunnel frames (i.e., M/M y ). Damage states are defined based on the number of plastic hinges occurred in the tunnel frame and the corresponding DI. 
Effect of B/H on Damage of Box Tunnels
The capacity curves of all box tunnels are displayed in Figure 7 . The base force was shown to increase with an increase in the soil stiffness. Stiffer soil induced a smaller free field shear strain and yielded a larger base force. Figure 7 also reveals that the capacity of the tunnel was proportional to B/H. It was due to a higher lateral capacity produced by the shear springs at the slabs of the tunnel frame. Additionally, the capacity of the structural members was larger because the longitudinal reinforcement ratio of the tunnel lining compatibly increases with B/H. 
Updated Damage States and DIs of Box Tunnels
In this section, the effects of shear failure of the interior column and aspect ratio B/H on the damage index (DI) and free-field shear strain are presented. We used the definitions of Lee et al. [21] for both the damage states and DIs but additionally account for the effect of B/H and shear failure. It is noted that DI is expressed as the ratio of the bending moment demand to the yield moment at the critical sections of tunnel frames (i.e., M/My). Damage states are defined based on the number of Figure 8 shows the comparison of DIs for various aspect ratios of three box tunnels. All makers in the lines denote the sequence of plastic hinges occurred in the tunnel frames. It is again to remember that flexural plastic hinges occurred in single box tunnels only. While, after four flexural plastic hinges developed in the outer frame of multi-box tunnels, a shear plastic hinge occurred at the interior column. DI at which the shear failure occurs in the internal column for double and triple box tunnels was shown to be negatively correlated to B/H. A tunnel with a higher B/H was more susceptible to a structural collapse because the shear demand was lower for the tunnel with lower B/H while the shear capacity of the structural members was invariable regardless of B/H. For double and triple box tunnels, this state at which the inner column undergoes a shear failure is defined as the collapse state. At this stage, there is a high possibility of a brittle structural failure. Moreover, thresholds of DI are specified in Figure 8 to define damage states of tunnels. For single box, three levels, which were 1.0, 1.4, and 2.3 were thresholds of minor, moderate, and extensive damage states, respectively. Meanwhile, four damage states including minor, moderate, extensive, and collapse were proposed for double and triple box tunnels associated with 1.0, 1.2, 2.0, and 3.5, respectively.
In this section, the effects of shear failure of the interior column and aspect ratio B/H on the damage index (DI) and free-field shear strain are presented. We used the definitions of Lee et al. [21] for both the damage states and DIs but additionally account for the effect of B/H and shear failure. It is noted that DI is expressed as the ratio of the bending moment demand to the yield moment at the critical sections of tunnel frames (i.e., M/My). Damage states are defined based on the number of plastic hinges occurred in the tunnel frame and the corresponding DI. Figure 8 shows the comparison of DIs for various aspect ratios of three box tunnels. All makers in the lines denote the sequence of plastic hinges occurred in the tunnel frames. It is again to remember that flexural plastic hinges occurred in single box tunnels only. While, after four flexural plastic hinges developed in the outer frame of multi-box tunnels, a shear plastic hinge occurred at the interior column. DI at which the shear failure occurs in the internal column for double and triple box tunnels was shown to be negatively correlated to B/H. A tunnel with a higher B/H was more susceptible to a structural collapse because the shear demand was lower for the tunnel with lower B/H while the shear capacity of the structural members was invariable regardless of B/H. For double and triple box tunnels, this state at which the inner column undergoes a shear failure is defined as the collapse state. At this stage, there is a high possibility of a brittle structural failure. Moreover, thresholds of DI are specified in Figure 8 to define damage states of tunnels. For single box, three levels, which were 1.0, 1.4, and 2.3 were thresholds of minor, moderate, and extensive damage states, respectively. Meanwhile, four damage states including minor, moderate, extensive, and collapse were proposed for double and triple box tunnels associated with 1.0, 1.2, 2.0, and 3.5, respectively. Figures 9 and 10 show the increment ratios of DI and free-field shear strain with the number of plastic hinges (PHs), respectively. In both Figures 9 and 10 , only the increment ratios up to fourth plastic hinges are shown. For all tunnels, DI is shown to increase with B/H up to the fourth plastic hinge. It is demonstrated that a tunnel with a higher B/H has a higher resistance to structural damage. However, the amount of increase in B/H was not significant, resulting in up to 6% increment for B/H = 2.0. Therefore, for a conservative estimate, the effect of B/H on DI may be ignored in a seismic design. B/H had relatively a higher influence on free-field shear strain at which plastic hinges were formed, as shown in Figure 10 . The increment was up to 16% for single tunnels. However, it ranged from 23% to 27% for double and triple tunnels, respectively. This illustrates that a higher level of free field ground motion is needed to damage tunnels with a high B/H. Table 1 shows the updated damage states, number of plastic hinges (NPH), and DIs Figures 9 and 10 show the increment ratios of DI and free-field shear strain with the number of plastic hinges (PHs), respectively. In both Figures 9 and 10 , only the increment ratios up to fourth plastic hinges are shown. For all tunnels, DI is shown to increase with B/H up to the fourth plastic hinge. It is demonstrated that a tunnel with a higher B/H has a higher resistance to structural damage. However, the amount of increase in B/H was not significant, resulting in up to 6% increment for B/H = 2.0. Therefore, for a conservative estimate, the effect of B/H on DI may be ignored in a seismic design. B/H had relatively a higher influence on free-field shear strain at which plastic hinges were formed, as shown in Figure 10 . The increment was up to 16% for single tunnels. However, it ranged from 23% to 27% for double and triple tunnels, respectively. This illustrates that a higher level of free field ground motion is needed to damage tunnels with a high B/H. minor and moderate damage states increased from 1.2 and 2.0 to 1.4 and 2.3, respectively. The cause for this increment was not because of the shear failure mode, which did not occur in single box tunnels, or the influence of B/H. It is because from Lee et al. [21] , conservative DIs were assigned such that they are identical for single, double, and triple boxes. However, increased values were recommended in this study because DIs by Lee et al. [21] for single box tunnels are too conservative. For double and triple box tunnels, DIs did not change from minor up to the excessive damage states. We newly presented DI for the collapse damage state, which was conservatively proposed as 3.5 for all types of double and triple tunnels, even though DI was revealed to depend on the type and B/H of the tunnel, as well as Vs for soil. Such conservatism was necessary because a brittle structural failure may cause substantial damage, and therefore should be avoided. The purpose of this study was focused on the investigation of damage mechanisms of one-story box tunnels in South Korea. The selected tunnel shapes are typical for cut-and-cover subway tunnels Table 1 shows the updated damage states, number of plastic hinges (NPH), and DIs corresponding to the respective damage states. For single box tunnels, the upper limits of DIs for minor and moderate damage states increased from 1.2 and 2.0 to 1.4 and 2.3, respectively. The cause for this increment was not because of the shear failure mode, which did not occur in single box tunnels, or the influence of B/H. It is because from Lee et al. [21] , conservative DIs were assigned such that they are identical for single, double, and triple boxes. However, increased values were recommended in this study because DIs by Lee et al. [21] for single box tunnels are too conservative. For double and triple box tunnels, DIs did not change from minor up to the excessive damage states. We newly presented DI for the collapse damage state, which was conservatively proposed as 3.5 for all types of double and triple tunnels, even though DI was revealed to depend on the type and B/H of the tunnel, as well as V s for soil. Such conservatism was necessary because a brittle structural failure may cause substantial damage, and therefore should be avoided. The purpose of this study was focused on the investigation of damage mechanisms of one-story box tunnels in South Korea. The selected tunnel shapes are typical for cut-and-cover subway tunnels in the country. A wide range of surrounding soil conditions/stiffness was also considered in this research. A comparison of the present R-F relationships and the published curves, which were developed for worldwide box tunnels, is conducted, highlighting that the model used in this study was in line with the previous works (see Figure 4) . Additionally, a comparison of updated damage indices and previous indices is presented in Table 1 . Therefore, the findings of this study could be readily applied for similar box tunnel configurations located in different soil stiffness regardless using South Korean design standards.
Conclusions
The seismic failure mechanisms of single-story rectangular cut-and-cover tunnels with various aspect ratios were identified and their damage states were updated using the nonlinear frame model and a series of pushover analyses. The shear wave velocity of the soil was varied from 50 to 400 m/s. The numerical model was verified against published relationships between the racking ratio and the flexibility ratio. Based on the numerical analysis results, the following conclusions are drawn.
• A collapse damage state was not observed for the single box tunnels even after plastic hinges formed at all corners, primarily due to the support from the surrounding soil medium. The shear plastic hinge did not form in the single tunnel.
•
For double and triple tunnels, the shear plastic hinges formed at the interior columns after flexure plastic hinges developed at all outer frame corners. The shear failure at the interior column may lead to a brittle structural collapse for multi-box tunnels. This failure should be avoided in design practices.
The aspect ratio did not significantly influence the damage index (DI) of the single box tunnels. For double and triple tunnels, DIs at which the inner column failed was dependent on the aspect ratio. The shear strains corresponding to the damage states were more sensitive to the aspect ratio compared with DI.
• Damage states of box tunnels and corresponding DIs were updated from the study of Lee et al. [21] . DIs range from 1.0 to 2.3 for three damage states of single box tunnels, which were minor, moderate, and extensive states. The collapse damage state was newly proposed and the corresponding DI was presented for double and triple box tunnels. DIs ranged from 1.0 to 3.5.
